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Abstract Normal grain growth of calcite was investi-
gated by combining grain size analysis of calcite across
the contact aureole of the Adamello pluton, and grain
growth modeling based on a thermal model of the sur-
roundings of the pluton. In an unbiased model system,
i.e., location dependent variations in temperature-time
path, 2/3 and 1/3 of grain growth occurs during pro- and
retrograde metamorphism at all locations, respectively.
In contrast to this idealized situation, in the ﬁeld
example three groups can be distinguished, which are
characterized by variations in their grain size versus
temperature relationships: Group I occurs at low tem-
peratures and the grain size remains constant because
nano-scale second phase particles of organic origin in-
hibit grain growth in the calcite aggregates under these
conditions. In the presence of an aqueous ﬂuid, these
second phases decay at a temperature of about 350 C
enabling the onset of grain growth in calcite. In the
following growth period, ﬂuid-enhanced group II and
slower group III growth occurs. For group II a contin-
uous and intense grain size increase with T is typical
while the grain growth decreases with T for group III.
None of the observed trends correlate with experimen-
tally based grain growth kinetics, probably due to dif-
ferences between nature and experiment which have not
yet been investigated (e.g., porosity, second phases).
Therefore, grain growth modeling was used to iteratively
improve the correlation between measured and modeled
grain sizes by optimizing activation energy (Q), pre-
exponential factor (k0) and grain size exponent (n). For
n=2, Q of 350 kJ/mol, k0 of 1.7·1021 lmn s)1 and Q of
35 kJ/mol, k0 of 2.5·10-5 lmn s)1 were obtained for
group II and III, respectively. With respect to future
work, ﬁeld-data based grain growth modeling might be a
promising tool for investigating the inﬂuences of sec-
ondary eﬀects like porosity and second phases on grain
growth in nature, and to unravel diﬀerences between
nature and experiment.
Introduction
Grain growth is one of the most fundamental meta-
morphic processes and occurs over a wide range of
temperatures, i.e., diagenesis up to ultra-high tempera-
ture, in all rock types (e.g., Spry 1969). In this sense,
grain size is a key parameter for deformation mecha-
nisms, diﬀusion kinetics and transport properties of
rocks. In order to gain insights into the kinetics of grain
growth, numerous experiments have been performed on
various mineral aggregates such as calcite, quartz and
olivine (e.g., Chai 1974; Tullis and Yund 1982; Karato
and Masuda 1989; Nichols and Mackwell 1991; Covey-
Crump 1997; Masuda et al. 1997; Freund et al. 2001).
These experiments are consistent with ﬁndings derived
from material sciences, which indicate that grain size,
temperature and time are related via an Arrhenius-type
equation:
ðDn  Dn0Þ ¼ k0 expðQ=RT Þðt  toÞ ð1Þ
where D is the ﬁnal grain size at time t, and Do is the
initial grain size at time to, k0 is a pre-exponential factor,
Q is the activation energy, and T is the temperature in
Kelvin. Theoretical treatments of grain growth yield
grain size exponents n of 2, 3, or 4 but in experiments n
values over a larger range are observed because n de-
pends on a variety of parameters such as, for example,
on the purity of the samples and mechanisms involved in
the grain growth (see e.g., Brook 1976; Covey-Crump
1997; Evans et al. 2001). To apply an experimentally
derived grain growth law to nature, several points
require special attention. (1) In contrast to experimental
approaches, where the temperatures are held constant
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during the entire interval of the experiment, temperature
continuously varies in nature as a function of geologic
evolution. Therefore, the T–t path has to be accurately
known before a grain growth law can be applied to
natural samples (Joesten 1983, 1991; Joesten and van
Horn 1999). (2) Related to changes in P and T, extrinsic
and intrinsic properties of a rock can change and
therefore inﬂuence grain growth (e.g., dehydration
reactions). In this sense, it is crucial to know what the
critical parameters are and at which time and to what
extent they will aﬀect grain growth. (3) Furthermore,
several parameters like second-phase minerals, chemi-
cal impurities, ﬂuids, chemical potentials and strain
energy drastically inﬂuence the grain growth behavior
(e.g., Brook 1976; Evans et al. 2001) and can therefore
induce considerable deviations. When considering grain
growth in nature the following questions need to be
addressed:
– What is the T–t path in the area of interest?
– What is the grain size evolution on the pro- and
retrograde temperature path and are there potential
deviations related to changes in the rock properties?
– What are the major parameters that inﬂuence grain
growth kinetics in nature?
In order to answer these questions, grain growth in
nature within a simple geological framework should be
investigated, where the T–t paths are well deﬁned, the
rocks are nominally pure and other processes such as
deformation or mineral reactions can be excluded. For
this purpose, we studied a contact metamorphic marble
from the Adamello massif (northern Italy). A descrip-
tion of the geological framework and characterizations
of the samples investigated are presented at the begin-
ning of this work. Based on a well-known geological
setting, thermal models are developed and their suit-
ability is discussed. In the second part, the chosen T–t
path is used together with experimental parameters to
model a theoretical grain size evolution. Finally, we
compare the modeled results with those observed, and
discuss the relevance of nature-based grain growth laws.
Geological setting
The area investigated comprises undeformed, subhori-
zontal Permo-Mesozoic sediments, which were depos-
ited on the crystalline basement of the Southern Alps
(Fig. 1; see also Callegari et al. 1999). These sediments
are intruded by the Monte Re di Castello tonalite, which
is part of the Adamello plutonic suite (Calleghari et al.
1999). The Monte Re di Castello tonalite sensu stricto is
interﬁngered with a granodiorite, which is of similar age
(40–42 Ma, Hansmann and Oberli 1991). This suite of
intrusions caused pronounced contact metamorphism of
the entire sedimentary sequence (e.g., Riklin 1983; Brack
1984). The samples studied in this work are from the
Calcare di Dosso dei Morti, which represent former
stromatoporoid reefs and laterally pass into the more
lagoonal facies of the Calcare di Angolo (Fig. 1). In case
of the Calcare di Dosso dei Morti, contact metamor-
phism induced a continuous transition from ﬁne-grained
non-metamorphic platform carbonates to coarse-
grained calcite marbles (Schmid 1997). Pre-intrusion
temperatures were estimated at 200 C (Riklin 1983) and
peak metamorphic temperatures were approximately
Fig. 1 a Geological map
showing the trace of the section
investigated and sample
locations. b Cross section of the
geologic situation
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600–650 C at the contact (Riklin 1983). In sum, the
geological framework is suﬃciently simple to provide a
well-constrained T–t path and therefore can be used as a
natural laboratory to investigate the grain growth
behavior of carbonate rocks.
Sample description and grain size analysis
As evident from the constructed cross section in Fig. 1b,
the contact of the intrusion is vertical and therefore there
is a 1:1 correspondence between map distance from the
contact and true distance. The Calcare di Dosso dei
Morti show an increasing grain size as the contact of the
intrusion is approached (Figs. 2, 3, Table 1) accompa-
nied by a change in color from predominantly gray to
white. The color change is attributed to small-sized
second phase particles of former organic material, which
decayed and became mobilized with increasing temper-
ature (Schmid and Flammer 2002). Two kilometers
away from the contact, the grain sizes of the limestones
appear to be unaﬀected by the contact metamorphism
and are therefore interpreted to represent the starting
material of the natural grain growth experiment.
To investigate the temperature-dependent grain size
change in a quantitative manner, samples were collected
at various distances from the intrusion contact (Fig. 1).
Ordinary rock chips were prepared for microstructural
characterization. Due to considerable changes in grain
size, which range from micron to centimeter scale, grain
boundary outlines were traced from: (1) SEM images of
polished rock chips that were previously treated with
two-step etching for ﬁne grain sizes (<40 lm, see
Herwegh 2000), (2) images of thin section micrographs
for intermediate grain size ranges (40–1,000 lm), and (3)
images of polished and then scanned hand specimen for
coarse-grained samples (>1,000 lm). Based on the
resulting grain boundary outlines, a macro in Image
SXM (Version 1.61) was used to calculate linear inter-
cept grain sizes (e.g., Exner 1972). In this way, two
patterns consisting of parallel vertical and horizontal
lines were superposed on the grain boundary maps to
calculate the lengths of the resulting intercepts. Before
ﬁnal analysis, tests with respect to the reproducibility of
the results using diﬀerent line spacing were performed.
The results indicate that spacing is not critical as long as
a statistically suﬃcient number of grains is analyzed. We
used an average pattern spacing of approximately
0.3–0.5 times the average grain size. The prepared
samples represent only sections through three-dimen-
sional aggregates inducing truncation eﬀects. As a con-
sequence of sectioning the real 3-D grain size is
underestimated because only a small number of section
Fig. 2a–d Thin section micrographs of samples from di Calcare dei
Dossi di Morti with decreasing distance to the pluton: a sample 10
(2,550 m), b sample 9 (1,725 m), c sample 8 (1,600 m) and d sample
7 (1,415 m). Scale bar valid for all images. Note the coarser grained
patches in sample 10. The inset in a represents a high-resolution
FEG image showing nano-scale ﬂakes of organic matter accumu-
lated at triple junctions of calcite (cc) grains
Fig. 3 Relationship between distance from the pluton and calcite
grain size. Three diﬀerent groups can be recognized
Table 1 Sample list with constructed distance from the pluton (see
Fig. 1), average grain size (D) estimated by the linear intercept
method and used number of grains for the evaluation of D. Given
temperature is taken from maximal temperature from model A-5
Sample Distance (m) Tmax (C) D (lm) No. of grains
1 100 627 832 127
2 125 622 669 154
3 600 485 800 154
4 600 485 4,834 225
5 1,050 414 440 415
6 1,050 414 2,357 235
7 1,415 376 466 181
8 1,600 359 115 158
9 1,725 349 66 181
10 2,550 304 7 228
11 2,650 300 5.4 209
12 2,850 296 5.7 223
13 3,350 284 6.4 369
14 5,100 2.7 206
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cuts represent the true sphere diameter (e.g., Exner
1972). Diﬀerent approaches exist for the extrapolation
of 2-D to 3-D grain sizes, which are mostly based on
simpliﬁed assumptions about the grain shape. For grain
growth investigations, 2-D grain sizes are suﬃcient,
particularly when the results are compared with experi-
mental data analyzed in a similar manner. Therefore, no
correction was applied to account for truncation eﬀects
(Table 1).
The starting material generally consists of a very ﬁne-
grained matrix (5 lm) locally containing small patches
of coarse-grained calcite (Fig. 2a). It is important to
note that in the low-T region, the ﬁne-grained areas were
chosen exclusively for grain size analyses. Basically,
three diﬀerent groups can be distinguished (Fig. 3).
Group I occurs at distances from the pluton larger
than 2 km. There, the grain size is constantly small
ranging from 3–7 lm. A characteristic feature of group I
is the gray appearance, which primarily is attributed to
the occurrence of organic matter (see also Schmid and
Flammer 2002). Detailed high-resolution investigation
using a SEM (Jeol JSM-6300F) with ﬁeld emission gun
reveals that the organic matter exists as ﬂakes with
diameters of about 25 nm and preferentially is accu-
mulated at triple junctions of calcite grain boundaries
(see inset in Fig. 2a).
In contrast, groups II and III have a white appear-
ance. Furthermore, in both groups grain sizes increase
with temperature but the grain size increase is more
pronounced in group II than in III (Fig. 3). In this
context, it is important to note that group II and III
grains can occur within the same outcrop. The grain
boundaries of calcite grains generally are straight to
slightly curved ending typically at triple junctions of
120  (Fig. 2). Chemical analysis performed by Schmid
(1997) showed that the samples contain ‡99 wt%
carbonate minerals. Minor amounts of dolomite are
found in a few low temperature samples (0–4 wt%) and
<1 wt% of silicate, Fe-oxides and Fe-sulﬁdes are pres-
ent. In particular in coarse-grained samples of groups II
and III, twinning is a common feature (see Fig. 2). These
twins are thin, straight-sided with no evidence of high
temperature phenomena like twin boundary migration
(cf. Burkhard 1993) and so the twinning is interpreted as
having occurred during a late stage of the exhumation
and that any inﬂuence on grain growth can be neglected.
In terms of the transition from group I to II/III, the
change in appearance from gray to white is attributed to a
decomposition of the organicmatter (see also Schmid and
Flammer 2002). In other words, the nano-scale ﬂakes
must decay, most likely into CO2 and CH4, a process that
requires the presence of an aqueous ﬂuid. Fluid presence is
particularly evident in some outcrops in the transition
zone where irregularly shaped white bands with diﬀuse
contacts dissect the gray limestone (Fig. 4). As a conse-
quence of their shapes, veins can be excluded and there-
fore the only remaining possibility is a ﬂuid-induced
transformation of the host rock. Interestingly, the average
grain size and the distribution width are larger in the ﬂuid
aﬀected band than in the gray host rock (grains size dis-
tribution diagrams in Fig. 4).
Temperature evolution in the contact metamorphic
aureole
Temperature constraints
The initial temperature in the wall rock can be calculated
by combining an assumed thermal gradient with the
Fig. 4 Original gray limestone
dissected by a curved and
irregularly shaped white band.
Note that both gray and white
parts consist completely of
calcite and that the sedimentary
layering in the limestone is
horizontal. Insets show the
grain size distribution diagrams
for both white and gray parts
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known overburden of 6.5-km sediments (Callegari 1962;
Riklin 1983; Matile and Widmer 1993) resulting in 130
or 180 C with geotherms of 20 and 28 C/km, respec-
tively. Illite crystallinity data indicate an chi- to epi-
metamorphic conditions at a distance of 2 km away
from the contact (Riklin 1983), which may be slightly
inﬂuenced by the heat of the pluton.
Bucher (1982) investigated a thermal gradient per-
pendicular to the contact aureole in the area of La Uzza
in silicic dolomites where the ‘‘Forsterite in’’ and the
‘‘Tremolite out’’ isograd correlates with peak tempera-
tures of approximately 525 and 400 C, respectively
(see Fig. 12 in Gerdes et al. 1999; Bucher 1982). How-
ever, the distance of the isograds to the present day
border of the pluton varies. A thermal gradient of
315 C/km results for distances of 400–800 m.
Thermal modeling
Thermal evolution around magmatic bodies has been
intensively investigated (e.g., Jaeger 1964; Hanson and
Barton 1989; Turcotte and Schubert 2002). The heat ﬂow
equation cannot be solved analytically and numerical
modeling is required to gain insights into a thermal his-
tory. In this respect, the size and shape of the magmatic
body, themagma temperature and the initial country rock
temperature are the most important input parameters for
thermal modeling (e.g., Jaeger 1964; Davidson et al.
1992). We modeled the thermal evolution of the area un-
der investigation using the heterogeneous heat ﬂow pro-
gram HEAT (KWare, programmed by K. Wohletz;
University ofCalifornia).A comprehensive treatise on the
physical background and the numerical solution to the
heat ﬂow equation are given by Turcotte and Schubert
(2002). Table 2 presents the parameters chosen to model
heat ﬂow by conduction. In addition, we checked for
potential deviations from the obtained results by con-
vective heat ﬂow, a scenario that might occur for example
during ﬂuid ﬂow. However, applying permeabilities
characteristic for limestones (Hanson 1995), convective
heat ﬂow has only a very limited inﬂuence on T-history
and can therefore be neglected.
Our model used an overburden of 4 km and a thermal
gradient of 28 C, into which a pluton with a diameter of
4 km is intruded (Fig. 5a). Note that the thinner over-
burden of the model (4 km instead of 6 km) was com-
pensated for by an enhanced surface temperature
(Table 3). This situation represents a goodapproximation
to our example of the Monte Re di Castello pluton (see
geological setting and Fig. 1) and therefore provides a
characteristic T–t path for the metamorphosed Calcare di
Dossi dei Morti (Fig. 6a, inset). In order to study the
sensitivity of the T–t curve to diﬀerent country rock
temperatures and shapes of the pluton, we calculated a
series of thermal models (Tables 2 and 3; Fig. 5). The
resulting Tmax curves show little variation but these vari-
ations are somewhat more pronounced close to the con-
tact. Besides slight diﬀerences in Tmax, the models also
show variations in the T–t path, a fact that has to be
considered with respect to the later grain growth model-
ing. In this sense, major temperature variations can exist
near the edges of the pluton, because there, heat disper-
sion occurs in two directions. The modeling results of the
thermal evolution around complex shaped plutons
(models A-3 and A-4; Table 3; Fig. 5) show the same
variations in temperature evolution as box-shapedmodels
Table 2 Physical parameters used for thermal modeling
Model A-1 A-2 toA-6
K country rock (Wm)1K)1) 1.3 1.9
q (kg m)3) 2,500 2,500
Heat magma (C) 900 900
K magma (Wm)1 K)1) 3.7 3.7
Grid size (km) 0.1 0.1
Fig. 5a–c Schematic drawing of the two main thermal models. a
Model A-5 with box-shaped pluton geometry. The distance
between top of the pluton and the investigated proﬁle is indicated
(distance a). b Models A-3 and A-4 with irregular shapes. c
Maximum temperature as a function of distance from the pluton
for diﬀerent models. Temperature constraints from mineral
assemblages are also indicated (Bucher 1981)
Table 3 Model dimensions and time constraints
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at their top. Besides these variations in the close vicinity of
irregularities in pluton shapes, however, all calculatedT–t
paths are rather similar in comparison to our main box-
shaped model. Therefore, large-scale bulges or irregular-
ities (kilometer-sized) may aﬀect the T–t path only to a
minor extent, and even then only close to the edges.Due to
the stability of the thermal modeling, and only small
variations between the diﬀerent models, we selected
model A-5 for further calculations because it comes
closest to the temperature constraints at the pluton con-
tact and the country rock far from the intrusion men-
tioned above.
Grain growth modeling
Calculating the expected grain sizes
Experimental T–t paths diﬀer signiﬁcantly from natural
ones in that the time interval of peak metamorphism and
heating and cooling periods vary as a function of time.
Hence, in nature, the time-dependent temperature evo-
lution has to be known in order to investigate the grain
growth kinetics (see also Joesten 1991) resulting in a
grain growth law in form of:
dD
dt
¼ D
n  Dn0
nDn1
1
t  t0 þ
Q
RT 2
dT
dt
 
ð2Þ
In this equation T and t are related to each other via
the function f(t). As mentioned in the previous section,
however, this function results from numerical solution
of the heat ﬂow equation. As a consequence, a numerical
approach is also required for Eq. (2). This is achieved by
calculating iteratively the changes of a starting grain size
Do for time intervals (i) with speciﬁc temperatures (Ti).
The ﬁnal grain size to be expected is therefore:
Di ¼ Dn0 þ
XN
i¼o
ko  exp
Q=RTi
 
ðti  ti1Þ
 !1=n
ð3Þ
where N is the number of time steps. Note that this
equation can only be solved when the T–t path is known,
i.e., modeled as shown in the previous section. To cal-
culate Di, the required variables Q, ko and n can either be
taken from experimental investigations or, as will be
demonstrated below, be derived by modeling the trends
deﬁned by the ﬁeld data.
Inﬂuence of the T–t path on grain size
In this section, we will quantify the inﬂuence of the T–t
path on grain growth as a function of variable distances
from the pluton contact. In contrast to the isothermal
growth law [Eq. (1], the sequential law [Eq. (3] allows
the examination of grain growth during prograde, peak
and retrograde T evolution. For this purpose, experi-
mental values of Covey-Crump (1997, Q=173.6 kJ/mol,
n=3 and ko=2.5·109 lmn s)1), a starting grain size of
5 lm and the temperature model A-5 were chosen to
calculate the grain size evolution at 0.1, 0.6, 1 and 2 km
distance from the pluton wall-rock contact. In order to
compare the amount of grain growth during pro- and
retrograde stages, the grain size was normalized by:
Fig. 6a–c Inﬂuence of pro- and retrograde temperature evolution
on grain growth. a and b show temperature versus modeled grain
size (Di) and normalized grain size (Di/Dﬁnal), respectively.
c Evolution of the normalized grain size with time. Inset in
a represents typical T–t paths for model A-5 at diﬀerent distances
from the pluton contact
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Dnorm ¼ Di=Dfinal ð4Þ
where Di is the modeled grain size at ti and Ti and Dﬁnal
the ﬁnal grain size. Based on the modeling results we
emphasize the following points: (1) grain growth takes
place at all locations even at distances 2 km away from
the contact (Fig. 6a); (2) although the major part of
grain growth occurs during prograde metamorphism, a
considerable amount (30–40%) of the entire grain size
increase is generated during the retrograde temperature
path (Fig. 6b); (3) grain growth is highly heterochronous
because samples near the contact (e.g., 100 m) reach
grain sizes close to the ﬁnal value at an early stage while
samples far away from the contact grow over a much
longer time period (Fig. 6c); (4) in all samples, prograde
grain size increases take place over shorter time intervals
than the retrograde one (Fig. 6c). Note that these results
are of a general character that is independent of the
selected Q, n and ko values.
In addition, the inﬂuence of a fast (model A-5) and
slow cooling (model A-1) path on the overall grain size
evolution was investigated. Note that peak temperature
is nearly identical for both models. At a constant dis-
tance of 600 m from the contact, the grain size increase
is faster in model A-5. However, the ﬁnal grain size is
larger in the slow cooling model A-1. This general trend
is consistent for all ﬁnal grain sizes undergoing a slow
cooling path but the ﬁnal grain sizes of the slow cooling
model converge with those of the fast cooling model at
high temperatures (Fig. 7). Hence, slight departures due
to diﬀerences in the T–t path have to be taken into
consideration. In summary, both the time-dependent
changes in T and the distance of the point of interest
from the pluton contact inﬂuence the grain size evolu-
tion and therefore, the ﬁnal grain size.
Relevance of the analyzed grain sizes for normal grain
growth
Thermal modeling, locally constraint by nature-based
peak temperature estimations, provides a T–t path
allowing the extraction of maximum temperatures for
each locality in the metamorphic aureole. These data are
used in Eq. (3) to model normal grain growth in the
Calcare di Dossi dei Morti. The relations between grain
size and temperature can be best shown by using the
maximum temperatures at each locality from the ther-
mal model and the measured grain size (Fig. 8). As al-
ready shown in the distance versus temperature diagram,
three diﬀerent groups can be identiﬁed (cf. Figs. 3, 8). As
a consequence of the asymptotic shape of the P–T path
at distances far from the pluton contact, group I samples
show only small diﬀerences in peak temperature ranging
from 280–310 C, which is somewhat higher than the
inferred pre-intrusion temperature. For the purpose of
grain size modeling, these rocks will be taken as starting
material. The diﬀerent trends of group II and group III
observed in Figs. 8 and 9 will be discussed in the fol-
lowing sections.
Applying experimentally derived parameters to nature
Although a large variety of grain growth experiments
have been performed on calcite aggregates (Chai 1974;
Tullis andYund 1982; Covey-Crump 1986, 1997; Olgaard
and Evans 1986, 1988; Freund et al. 2001; Renner et al.
2002), only few studies exist (e.g., see Table 1 in Joesten
1991; Covey-Crump 1986, 1997; Freund et al. 2001)where
all parameters were determined, i.e.,Q, k0 and n, required
to apply an experimental grain growth law to nature
(Table 4). These experimentally derived values reveal
variations in Q between 60–232 kJ/mol, in ko between
3·102 and 1·1011 lmn/s (based on diﬀerent n) and in n
between 2 and 3. Modeled grain sizes were obtained by
using Eq. (3), the T–t paths of model A-5 and experi-
mental parameters of Table 4. None of the modeled
trends ﬁts the estimated temperature dependence of the
natural samples (Fig. 8) and the following points need to
Fig. 7 Diﬀerences in ﬁnal grain size between models A-1 and A-5
as a function of the 1/Tmax at 600 m
Fig. 8 Modeled grain sizes using temperature from model A-5 and
experimentally derived grain growth kinetics. Measured natural
data are given for comparison
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be emphasized: (1) all of the ﬁeld observations cannot be
described using one set of experimentally derived
parameters in Eq. (3); (2) assuming group III to be rep-
resentative of the general grain size trend, it is not possible
to connect these data with group I (starting material); (3)
taking group II as a major trend and extrapolating it to-
wards higher T, unrealistically large grain sizes would be
expected at the pluton’s contact (Figs. 3, 8). Conse-
quently, we postulate two diﬀerent growth behaviors,
which cannot be described by existing experimental
parameters. These diﬀerent growth behaviors might be
attributed to the complicated inﬂuence of other factors
not explicitly investigated in the experiments (e.g., second
phases, solute impurities, etc.) and/or the extrapolation of
laboratory experiments to nature. On the other hand, we
have to take into account that grain growth ceased in some
of the natural samples due to boundary pinning by second
phase particles or diﬀerences in solute concentrations (see
also Olgaard and Evans 1988; Covey-Crump 1997). For
dry experiments, for example, Covey-Crump (1997) sug-
gested that diﬀerences in the pore distribution induce
diﬀerent rate-controlling processes and therefore aﬀect
the growth regimes in calcite. An extensive treatise with
this respect is out of the scope of this study and will be
presented elsewhere. In light of the diﬀerences between
group II and III growth behavior, we can list at this stage
the following facts: (1) in the samples investigated there
exist variations in the Sr and Mn contents. For the latter,
experiments of Freund et al. (2001) suggest that Mn can
enhance the growth rate of calcite. However, none of the
observed chemical variations in nature correlate with our
grain size trends and are therefore considered to be of
secondary importance only; (2) samples 3 and 4 are from
the same outcrop and show small and large grain sizes,
respectively, but they are characterized by similar type,
quantity and size of second phases. Grain boundary pin-
ning by second phases can therefore not account for the
diﬀerence in grain size between the two groups; (3) vari-
ations in starting grain size, as is the case for the micritic
and sparitic parts of the limestones, might also aﬀect the
ﬁnal grain size (Fig. 2). However, we modeled the ﬁnal
grain sizes using starting grain sizes of 5 and 500 lm. In
case of sample pairs 3/4 and 5/6, which are from the same
outcrop but show maximum grain size variations, the
modeling suggests grain size diﬀerences of factors of 1.25
and 1.4, respectively, compared to 6 and 5 as actually
observed ones. Variations in the starting grain size alone
cannot therefore explain the observed grain size diﬀer-
ences between groups II and III. In addition, the spatial
distribution of group II in the ﬁeld is too large to be
attributed to a subordinate number of sparitic patches
observed in the original limestones.
To conclude this section, extrapolation of experi-
mentally derived grain growth kinetics works well for
small-scale structures in nature, which have seen T–t
conditions similar to those used in experiments (e.g.,
Joesten 1991; Joesten and van Horn 1999) but becomes
more problematic when extrapolations towards lower
temperatures and long-term intervals in natural situa-
tions are required. For the present case study, two dif-
ferent sets of kinetic parameters are required to describe
group II and III grain growth behavior.
Natural constraints used as input parameters
for modeling
To reduce the misﬁt between observed and modeled
grain sizes based on experimental parameters, an
Fig. 9 Relationship between inverse T from model A-5 and
measured grain size of the diﬀerent groups (D). Modeled grain
size trends for group II (gray) and III (black), with (solid) and
without (stippled) kick-oﬀ temperature for calcite grain growth
Table 4 Experimentally
estimated constants for normal
grain growth of calcite
aggregates
Study n Q (kJ/mol) ko (lmn/s)
Freund et al. (2001) (10 ppm of Mn) 2 99 3.00E+02
Freund et al. (2001) (250 ppm of Mn) 2.4 165 1.26E+07
Freund et al. (2001) (670 ppm of Mn) 2.3 147 3.15E+06
Covey Crump (1986) 3 174 2.50E+09
Covey-Crump (1997), data of Olgaard
and Evans (1986, 1988)
3 232 1.22E+11
Covey-Crump (1997) 3 162.6 5.94E+07
This study (group II) 2 350 1.7E+21
This study (group II) 3 525 1.6E+38
This study (group III) 2 35 2.5E)05
This study (group III) 3 50 1.0E)01
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optimization of the latter is required. This can be done
by changing n, Q, and ko.
With respect to n, nature gives no indication about
the appropriate value. However, experiments investi-
gating calcite grain growth generally show values of n
between 2 and 3 (e.g., Chai 1974; Tullis and Yund 1982;
Olgaard and Evans 1986; Covey-Crump 1997; Freund
et al. 2001). As a ﬁrst step, we therefore used one of
them, arbitrarily selected a value for Q and optimized k0
for the chosen Q. For the optimized parameters, the
ratio (R) of the modeled grain size divided by the mea-
sured grain size was calculated for each data point. Note
that modeling was carried out separately on data of
group II and III. Within one group, the mean and
standard deviations of the obtained R values were taken,
and then k0 was iteratively changed until the mean of R
was equal to 1. At this stage, Q, ko and the standard
deviation in R were stored and the procedure was re-
peated for a suitable series of Q values, ﬁrst keeping the
same n value, and then using the alternative n in a sec-
ond modeling series. To choose those Q and ko values
most reliable for a speciﬁc n, Q was plotted versus the
standard deviation of R allowing the selection of the
parameters with the lowest standard deviation for each n
(Fig. 10).
Based on the modeling results, for all chosen values
of Q, the grain sizes at large distance from the pluton
contact are increasing too much (Fig. 9). Thus, the
model allows grain growth at lower temperatures than
actually occur in the natural example. This apparent
discrepancy can be eliminated by introducing a kick-oﬀ
temperature, i.e., a temperature value below which grain
growth is prevented. In practice, this is achieved by
starting the grain growth iterations of Eq. (3) only when
the temperature is higher than the selected value (Fig. 9).
The existence of a kick-oﬀ temperature for grain growth
suggests a sudden change in the growth behavior of
calcite, which can either be due to an intrinsically con-
trolled change in the growth kinetics or to an externally
controlled parameter. The fact that the aforementioned
change in color coincides with the transition of group I
to III, i.e., with the onset of pronounced grain growth,
implies that the retardation temperature is linked with
the decay of the nano-scale second phase particles of
organic origin. Before their decomposition, they pre-
vented grain growth because they pin the calcite grain
boundaries (see inset in Fig. 2a; see also Oertel 1983;
Olgaard and Evans 1988; Walker et al. 1990; Dresen et
al. 1998; Herwegh and Kunze 2002). Compared to a
pure system, this behavior results in smaller calcite grain
sizes, which persist as long as pinning continuous. For
the modeling approach, the appropriate kick-oﬀ tem-
perature for calcite grain growth must be situated
somewhere in the temperature range between 310 and
350 C (Fig. 9). As demonstrated above, the decay of
the organic matter must have been related to aqueous
ﬂuids (Fig. 4). Recently, Akinﬁev and Diamond (2002)
suggested that the log K value for the reaction graph-
ite+H2O=CO2+CH4 becomes larger than 0 at
temperatures of 350 C. For these reasons we chose a
Kick-oﬀ temperature of 350 C, yielding results with a
good correlation between modeled grain sizes and those
measured in nature (Fig. 9). The physical reason for the
drastic grain size increase directly above the kick-oﬀ
temperature, is the enhanced grain boundary velocity,
because the grain sizes are too small compared to grain
growth in a pure system. This can be demonstrated using
Hillert’s (1965) approximation, which expresses the net
driving force (F) acting on a particular grain boundary
F ¼ 2Cc 1
Dc
 1
D
 
ð5Þ
where C is a factor that relates to the grain boundary
curvature, c is the surface energy, Dc is the critical grain
size below which grains will shrink and D is the mea-
sured grain size. In our case, D>>Dc but because of the
grain size stabilization, D is about 60 times smaller than
it would be in a pure system at the corresponding tem-
perature. As long as grain size stabilization persists, F
will continuously increase. In addition, the velocity (V)
of the migrating grain boundary is deﬁned by
V ¼ MF ð6Þ
where M is the grain boundary mobility, which is in-
versely related to temperature (e.g., see Eq. (10) in Evans
et al. 2001). Because of the small grain size after the
decay of the second phases, the driving force (F) will be
high, whereas M changes only slightly (factor 1.15) in
the temperature range between 1.7 and 1.8 K)1 (Fig. 9).
Fig. 10 Estimation of Q, n and ko. Diagrams show Q values vs.
standard deviation of the ratio (R=Dmod/Dmeas). Q values with
minimized standard deviation are used for the corresponding n
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In other words, V will increase with F at similar M,
inducing rapid grain growth per time interval. During
the following growth period, V will continuously de-
crease approaching values of the nano-scale particle
unaﬀected growth behavior. As a consequence, ﬁnal
grain sizes close to the Kick-oﬀ temperature, i.e., grains
whose growth interval was short during their pro- and
retrograde path (see Fig. 6), will induce a steep slope in
1/T versus D diagram (Fig. 9). Similar retardation ef-
fects with respect to the onset of grain growth can occur
in experimental investigations, for example, by rear-
rangement of pore distributions or intervals of primary
recrystallization (e.g., Olgaard and Evans 1988; Covey-
Crump 1997). In those particular cases, careful detection
of the onset of normal grain growth (t0) is required to
obtain proper kinetic parameters (see Covey-Crump
1997).
Applying the implemented kick-oﬀ term of grain
growth and the modeling approach described above for
group II, Q values of 350 and 525 kJ/mol and k0 values
of 1.7·1021 and 1.6·1038 lmn s)1 are determined for n of
2 and 3, respectively, (see Fig. 10, Table 4). For n=2,
the standard deviation is slightly smaller than for 3. In
addition, 350 kJ/mol is within the range of experimen-
tally derived activation energies of Ca, C and O self-
diﬀusion in calcite (see for example compilation in
Renner and Evans 2002) while 525 kJ/mol is much lar-
ger than any experimentally derived value. For these
reasons, we favor the obtained parameters related to n
equal to 2. In case of group III the activation energies
for both n equal to 2 and 3 are between 35–50 kJ/mol,
and therefore are very similar. This implies that a choice
of n between 2 and 3 is of subordinate importance for
group III grain growth. These Q values are situated in
the lower region of the experimentally determined acti-
vation energies for calcite grain growth (see Table 1 in
Joesten 1991). On the other hand, such values are far
away from activation energies typically observed for
diﬀusion processes (see compilation in Renner and
Evans 2002).
When comparing natural data with grain growth
experiments, it is noteworthy that: (1) most experimental
results are inﬂuenced by remaining porosity (e.g.,
Olgaard and Evans 1988; Covey-Crump 1997) and
might not represent grain growth kinetics of a pure and
pore free material; (2) experimental durations of grain
growth investigation range between minutes and
months, resulting in grain size changes of approximately
one order of magnitude (e.g., Covey-Crump 1997;
Freund et al. 2001; Renner et al. 2002). In our natural
case, however, the time span available for grain growth
is 1 million years, the grain size change covers 3 orders
of magnitude and the temperatures are a couple of
hundred degrees centigrade below experimental condi-
tions. (3) Experiments carried out on wet calcite or
calcite (Tullis and Yund 1982; Covey-Crump 1997),
(Renner et al. 2002 and references therein) show that
ﬂuid can enhance the growth rate, particularly when
present as thin ﬁlms along grain boundaries, and is not
aﬀected by dragging of pores. Based on these consider-
ations, we believe that at least group II grains represent
a second phase unaﬀected growth behavior, which
probably was accelerated by the presence of ﬂuids.
Several remarks with respect to our obtained
parameters are required: Q and k0 values are only valid
if the processes involved in grain growth were continu-
ously active over the entire period of time. This point is
particularly questionable in light of the ﬂuid enhanced
growth behavior of group II. As mentioned above, grain
sizes would become unrealistically large when using the
obtained grain growth kinetics towards the contact.
Additional parameters like time restrictions on ﬂuid
activity or pinning by second phase particles might be
responsible for the observed discrepancy. Based on the
argument presented above, we can exclude second pha-
ses to be responsible for the diﬀerences between group II
and III, but we cannot exclude the fact that second
phases inﬂuence both group II and III in a similar
manner. If this were the case, second phase pinning
would have to occur at larger grain sizes for group II
than for group III.
To summarize this section, natural calcite aggregates
always contain a certain degree of impurities. In the
best case, these impurities are small and homoge-
neously distributed and therefore, their eﬀect on the
normal grain growth behavior of a mineral is mini-
mized. Nevertheless, at low temperatures, the impuri-
ties will pin the grain boundaries because the grain
boundary mobility is too low. As soon as temperature
rises and the impurities become mobilized, fast grain
growth becomes possible, but only until the remaining
impurities start to aﬀect the grain growth behavior
again. Therefore, in a natural environment, only a
small T window exists in which grain growth of a pure
system can be investigated.
Concluding remarks
The combination of ﬁeld-based thermal and grain
growth modeling proved to be a suitable approach to
estimate parameters required for the description of
grain growth kinetics in contact metamorphic aureoles.
In addition, grain growth in the natural example
occurred at relatively low T, over long t intervals and
induced grain size changes over several orders of
magnitude, i.e., all conditions that cannot be reached
within reasonable time-frames in experimental investi-
gations. The study demonstrates that mineral reactions,
for example, the ﬂuid induced decay of organic matter,
can have a drastic inﬂuence on grain growth and needs
to be considered when extrapolating experiments to
nature.
The measured grain sizes and the modeling results
indicate two diﬀerent growth behaviors. Although the
obtained kinetic parameters are suitable to describe
grain growth behavior of these two groups, care is
required when using them in a general sense because
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several factors are not yet suﬃciently understood: (1)
How do second phases inﬂuence the growth kinetics (see
also Covey-Crump 1997; Mas and Crowely 1996)? (2)
What is the inﬂuence of ﬂuids on grain growth in nature?
(3) How representative are the kinetic parameters ob-
tained in a more general sense? With a view to future
work, therefore, more natural case studies with well-
deﬁned T–t paths and investigations on the type,
quantity and distribution of impurities are required. In
addition, the eﬀect of impurities like porosity, chemical
impurities and second phases needs to be addressed in
laboratory experiments as well, to obtain well-con-
strained kinetic parameters which will allow a better
extrapolation to nature.
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